Promotion of skin repair for acute or chronic wounds through the use of tissueengineered products is an active field of research. This study evaluates the effects mediated by tissue-engineered biological dressings containing human in vitrodifferentiated adipocytes and adipose-derived stromal cells (ASCs). Re-epithelialization, granulation tissue formation and neovascularization of full-thickness cutaneous wounds were specifically assessed using a murine model featuring a fluorescent epidermis. In comparison to wounds that did not receive an adipocyte-containing biological dressing, treated wounds displayed a slight but significantly faster wound closure based on macroscopic observations over 18 days. Non-invasive imaging of GFP-expressing keratinocytes determined that the kinetics of re-epithelialization were similar for both 
Tissue-engineered dressings containing adipocytes promote wound repair
INTRODUCTION
Chronic wounds and skin ulcers are major burdens for health care systems, in particular in the context of aging populations with an increasing proportion of diabetic patients [1] .
During their lifetime, 15% to 25% of diabetic patients will develop at least one diabetic foot ulcer [2] . Among innovative methods developed to promote cutaneous healing, strategies relying on the therapeutic properties of mesenchymal stem/stromal cells (MSCs) are actively investigated (reviewed in [3] ). Indeed, preclinical studies reported that MSCs derived from bone-marrow [4] [5] [6] , cord blood and cord stroma [7, 8] , amniotic fluid [9, 10] and adipose tissue (AT) [11, 12] contribute to wound healing by acting upon the complex repair processes mediating wound closure, which comprise reepithelialization, granulation tissue formation and angiogenesis. In particular, the paracrine effects of MSCs after their injection/implantation were reported to enhance repair in various contexts of tissue injury through the secretion of growth factors and angiogenic modulators [13, 14] .
Among MSCs, human adipose-derived stromal/stem cells (ASCs) are excellent candidates for cell-based therapies and tissue-engineering applications. Indeed, subcutaneous AT is abundant and easily harvested using a syringe or a minimally invasive lipoaspiration procedure.
Regenerative strategies based on ASCs that have been described to improve skin wounds in preclinical studies include topical application of pre-conditioned medium [15] , delivery of cell suspensions inside the wound beds [16] as well as intradermal injection of cells at the periphery of the wound margins [9] . Cellular approaches have investigated ASC's capacity to enhance repair of incisional [6] , full-thickness [9, 16] and ischemic [17] wounds. Tissue-engineered constructs comprising ASCs seeded into matrices such as silk fibroin-chitosan scaffolds [18] , acellular dermal matrix grafts [19] , and gellan gum-hyaluronic acid hydrogels [20] have also been evaluated.
AT itself has been associated with the improvement of skin conditions after fat grafting procedures to patients [21] . Medical case reports have revealed that subcutaneous lipoinjections could enhance the appearance of both mature and evolving scar tissues [22] and trigger healing of refractory chronic ulcers [23] . Although the precise mechanisms of action or the specific role that adipocytes may play are not fully understood, evidence from both preclinical [24] [25] [26] and clinical studies [27] points out that fat grafting could accelerate revascularization and reduce fibrosis surrounding the injection sites.
Using human ASCs, our team has previously demonstrated the production of manipulatable cell sheets and tissues using the self-assembly approach of tissue engineering [28, 29] . Using this method, ascorbic acid and serum stimulate the cells to produce an endogenous collagen-rich extracellular matrix, leading to the formation of manipulatable cell sheets without exogenous or synthetic biomaterials. We also demonstrated that ASCs could be differentiated into adipocytes during cell sheet production, leading to reconstructed tissues featuring functional mature adipocytes embedded into human matrix containing a subset of ASCs that remained undifferentiated [28] .
While implantation of ASCs-containing cell sheets has been explored before [30] [31] [32] [33] [34] , the use of adipocyte-containing biological dressings has not yet been investigated for wound healing applications. In this study, we postulate that such cellularized biological dressings produced using the self-assembly approach can be used in a temporary manner to promote endogenous skin repair mechanisms. Full-thickness splinted murine cutaneous wounds were treated with repeated applications of the biological dressings in comparison to untreated wounds of the control group. Interestingly, the specific investigation of reepithelialization kinetics was achieved using a mouse strain featuring a fluorescent epidermis [35] . This K14-H2B-GFP mouse strain expresses Green Fluorescent Protein (GFP) conjugated to histone 2B (H2B) under the keratin 14 (K14) promoter: therefore their epidermal and follicular keratinocytes appear fluorescent. In addition to reepithelialization, granulation tissue formation, neovascularization and the mechanical properties of the regenerated skin were also assessed. Our results indicate a beneficial impact of these novel tissue-engineered constructs featuring adipocytes and ASCs through enhanced granulation tissue formation and neovascularization.
MATERIAL and METHODS

Production of human tissue engineered dressings
All protocols were approved by the Institutional review board of the research centre of CHU de Québec. Human adipose dressings were produced by tissue engineering using a cell sheet technology previously described [29] , with minor modifications. Briefly, ASCs extracted from lipoaspirated subcutaneous adipose tissue of a 38 year-old female donor of body mass index of 29.5. The adipose tissue was digested with 0.075% collagenase (type 1A, Sigma) in Krebs-Ringer Buffer for 60 min at 37C followed by 10 min with 0.25% trypsin. The stromal-vascular fraction was pelleted and a red blood cell lysis step in NH 4 Cl was performed for 10 min at room temperature. The resulting cells were seeded at a density of 6. with media changes every two or three days. Each well contained a cell-sheet anchorage device allowing easy manipulation of the constructs (Whatman filter paper, GE Healthcare, Ottawa, ON, Canada) [29] . The expansion media was supplemented with a 50 µg/ml freshly prepared ascorbic acid solution (AsA; Sigma-Aldrich, Oakville, ON, Canada) and was used for six days until adipogenic induction (Fig. 1A) . In order to produce cellular sheets containing differentiated adipocytes from ASCs, cultures were exposed to a standard induction medium for 3 days, followed by the use of an adipocyte maintenance medium supplemented with AsA for the rest of the culture period [29] . The induction medium was composed of 100 nM insulin (Sigma), 0.2 nM T3 (Sigma), 1 µM dexamethasone (Sigma), 0.25 mM 3-isobutyl-1-methylxanthine (IBMX)(Sigma) and 1 µM rosiglitazone (Cayman Chemical/Cedarlane, Burlington, ON, Canada) in 3% FCScontaining expansion media. The adipocyte maintenance medium consisted of 10% FCS expansion media supplemented with 100 nM insulin, 0.2 nM T3, and 1 µM dexamethasone (Sigma). Twenty-four days after seeding and 18 days after the induction of differentiation, the resulting adipose cell sheets were lifted and stacked in groups of three sheets to form a thicker adipose dressing. These constructs were maintained in culture until being used for animal experiments, as described in Fig. 1A .
Quantification of secreted molecules
Culture media conditioned by the adipose dressings for 24 hours was assayed by enzymelinked immunosorbent assay (ELISA) directed against human leptin, hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), angiopoietin-1 (Ang-1) and plasminogen activator inhibitor-1 (PAI-1) (DuoSets®, R&D systems, Minneapolis, MN, USA). Conditioned media (n=4) were analyzed at two time points, namely after 31 and 52 days of adipogenic differentiation, respectively, representing the entire culture period during which the dressings were maintained in culture prior to their use in vivo (Fig. 1A ).
Animal experiments
Homozygous transgenic K14-H2B-GFP founder mice were kindly provided by Dr Elaine Fuchs (Rockfeller University, New York City, NY, USA). Following a caesarean derivation, a colony was established in the animal facility of the research centre of CHU de Québec (QC, Canada). All procedures involving animals were approved by the Institutional Animal Care and Use Committee. For wound healing studies, a siliconesplinted full-thickness wound model [36] was adapted in order to be compatible with the repeated applications of new dressings every three days. The use of silicone rings importantly reduces contraction upon wounding, allowing loose-skinned mammals to heal by secondary intention processes more reminiscent of human wound healing [37] .
Silicone rings with an internal diameter of 13 mm were cut from 0. (Fig. 1A) .
Two distinct animal experiments were performed using 18 week-old K14-H2B-GFP mice. The first experiment comprised seven male mice. Their wounds were harvested for histological analyses at the day of terminal biopsy (on the 18 th day). The second experiment included eight female mice for which the harvested scar tissues were used for mechanical testing (on the 21 st day). For each experiment, two experimental groups were compared: one group treated with an in vitro-engineered adipose dressing deposited onto each silicone ring (total for both experiments: 6 mice, 12 wounds) while the reference group was handled similarly but did not receive any dressing (total for both experiments:
9 mice, 18 wounds). After surgery, the following steps were performed for both experimental groups ( 
Macroscopic and fluorescent imaging of the wounds
After surgery and every third day thereafter, the wounds of isoflurane-anaesthetized mice were monitored and the dressings were replaced. After careful layer-by-layer montage and biological dressings removal, macroscopic pictures of individual wounds were taken with an EOS Rebel XSi camera (Canon Canada Inc., Mississauga, ON, Canada). Global wound residual areas were measured using ImageJ (NIH, http://imagej.nih.gov/) on macroscopic images. Global wound closure (%) was calculated using the wound residual area at a given day relative to the wound area on the day of surgery (mean ± SD). The global healing of a wound was determined by visual assessment of its appearance, including the presence of granulation tissue, its opacity and the presence of a distinguishable neo-epidermis depending on the time-point analyzed.
Considering, the difficulty to visualize the thin keratinocyte migrating tongue on This sequence was repeated every three days over a 18 day period as illustrated in Fig.   1A .
Histological analysis of paraffin-embedded tissues
On day 18 th after surgery, the wounds of the male cohort were harvested with 2 to 5 mm Masson's trichrome-stained sections using the ImageJ software for 11 to 17 wounds per experimental condition (with a minimum of 12 measurements per sample). The surface occupied by stained collagen fibers within the granulation tissues was quantified on picrosirius-stained transversal sections using ImageJ. The entire area corresponding to granulation tissue was delimited and measurements were performed.
Immunolabelings and analyses on tissue cryosections
Tissue samples were also embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA, USA), immediately frozen in liquid nitrogen and stored at -80°C. They were then cut into 10 µm transverse sections using a cryostat microtome (JUNG 
Evaluation of the wounds' mechanical properties
Uniaxial tensile tests were performed in order to evaluate the mechanical properties of the tissues [39, 40] . The wounds were harvested 21 days after surgery, without the underlying muscle layer (8 untreated and 5 treated scar tissues). They were first cut into the shape of a dog bone using a custom-made die. When cutting the samples, care was taken to ensure that the scar tissues were located in the central and thinner section of the bone-shaped specimen. The extremities of each sample were then clamped to a tensile 
Statistical analyses
Unless specified otherwise, data are represented as mean ± standard deviation (SD).
Statistical analyses were performed using the GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA) and details are specified in each figure's caption. The confidence interval was set at 95% (P<0.05).
RESULTS
Tissue-engineered dressings secrete growth factors and pro-angiogenic molecules in vitro
The tissue-engineered adipose dressings produced using the self-assembly approach consist of endogenous human extracellular matrix secreted by the cells themselves, providing a scaffolding to the numerous lipid-filled adipocytes present among some
ASCs that remained undifferentiated (Fig. 1A) . Once engineered, the dressings were maintained in culture pending their use onto wounds. Their functionality was assessed with regards to their production of bioactive molecules. The secretion of leptin, HGF, VEGF, Ang-1 and PAI-1 was quantified in conditioned media harvested at two timepoints encompassing the entire maintenance culture period, corresponding to adipocytes differentiated in vitro for 31 and 52 days, respectively (Table 1 ). All these mediators were detected and an increase in their production levels was observed over time, correlating with the in vitro maturation of the adipose dressings and therefore establishing the functionality of the engineered tissues.
Global wound closure is enhanced by the adipose dressings without impacting reepithelialization
In order to better study the in vivo contribution of the re-epithelialization, granulation tissue formation and neovascularization processes, a silicone-splinted model limiting the contraction associated with rodent skin was used in addition to a mouse strain featuring a fluorescent epidermis due to keratinocytes expressing a H2B-GFP fusion protein ( Fig. 1A and Fig. 3B ). The full-thickness cutaneous wounds were monitored every three days to establish the kinetics of healing. The global appearance of the wounds was assessed from macroscopic images ( Fig. 2A ) and the measurements of residual wound areas over time generated a global wound closure percentage (Fig. 2B) . Treated wounds consistently displayed smaller residual wound areas compared to the untreated group, resulting in a wound closure accelerated by 3 days compared to untreated wounds ( Fig. 2A and B ).
Specific measurements of keratinocyte migration were possible using non-invasive macroscopic imagery of fluorescence since the epidermal cells of the K14-H2B-GFP mice express nuclear GFP (Fig. 3A and B) . Strong signals emitted by the keratinocytes are represented in shades of yellow, moderate to low signals appear in shades of red, while shades of grey revealed the underneath black and white picture, representing an absence of signal (Fig. 3A) . In spite of the slight significant difference observed on the 18 th day, the overall re-epithelialization kinetics were comparable and not significantly different between the two groups (Fig. 3C ).
Granulation tissue formation is impacted by the biological dressings
On the 18 th day after surgery, when more than 90% of wound closure had been reached, the wound areas flanked by margins of intact skin were harvested for a subgroup of mice.
Examination of the entire length of the neodermis and epidermis for each wound revealed distinctive features between the experimental groups (delimited by arrowheads, Fig. 4A and E). After Masson's trichrome staining of matricial elements in blue and cellular components in pink, a higher-density granulation tissue was noted for the wounds treated with adipose dressings (Fig. 4F vs B) . In addition, granulation tissue appearance was consistently more homogenous for the treated compared to the untreated wounds ( Fig. 4E vs A). Thickness measurements showed that untreated wounds presented a neodermis that was 1.7 times thinner compared to the neodermis of treated wounds or to the dermis of intact skin present at the wound margins (Fig. 5A) . The collagen content and fibers arrangement within the granulation tissue compartment were best visualized after picrosirius staining (Fig. 5C-L) . Indeed, collagens were generally more abundantly expressed (1.3 fold) for the wounds treated with the adipose dressings as determined by a semi-quantitative evaluation from picrosirius stained tissue sections (Fig. 5B, 5H vs 5C ).
Immunofluorescence staining confirmed the abundant expression of collagen type III in the wounds ( Supplementary Fig. 1A and D) . A basic characterization of the cells populating the neodermis determined that, as expected, the majority of these cells were from a mesenchymal lineage and expressed vimentin (Supplementary Fig. 5B and E Fig. 5C , F and G).
Neovascularization is promoted by the biological dressings
At the time of terminal biopsy (18 days post-wounding), neovascularization into the wounded tissues was evaluated by immunofluorescence detection of CD31-expressing endothelial cells on transverse cryosections (Fig. 6A to D) . Blood vessel structures can be clearly visualized within the granulation tissue areas and were used to determine the percentage of neodermis coverage by CD31-expressing structures. A 2.2 fold higher vascular area density was measured for the wounds treated with the adipose dressings compared to untreated wounds, translating into an increased neovascularization induced by the biological dressings (Fig. 6I) . Presence of collagen type IV-expressing structures also indicated that endothelial cells produced a basement membrane around the microcapillaries of the neodermis (Fig. 6E and G) . Finally, α-SMA-expressing cells surrounding CD31-positive structures were observed ( Fig. 6F and H) , suggesting the presence of smooth muscle cells and/or pericytes around some blood vessels, while few to none α-SMA + -myofibroblast-like cells were identified in the granulation tissue for both types of wounds at 18 th day post wounding.
Mechanical properties of the healed wounds
A preliminary investigation of the mechanical properties of the regenerated skin was performed using a subgroup of animals (female cohort) 21 days after wounding. The data recorded during the uniaxial tensile tests were used to evaluate the mechanical properties of the scar tissue samples (Supplementary Fig. 2 ). The ultimate tensile strength, which represents the maximal stress that a specimen may sustain before failure and thus its strength, was not different between the two experimental groups. The failure strain, which measures the elongation a specimen will experience before failure, was 1.3 fold higher in the treated than the untreated group ( Supplementary Fig. 2B ). This property is related to the ability of the tissue to withstand deformation. On the other hand, the modulus of elasticity, an indication of the rigidity, was similar in both treated and untreated groups ( Supplementary Fig. 2C ). Overall, these preliminary data suggest that skin resistance and skin rigidity were not affected by the dressings at this time-point.
However, the dressings seemed to slightly enhance the skin's ability to withstand deformation.
DISCUSSION
Optimal wound repair depends on the coordinated contribution of multiple cellular processes (migration, proliferation, collagen synthesis and deposition) that are influenced by inflammatory responses as well as growth factor and cytokine production. Various cell-based therapies and tissue engineering strategies are developed to provide the most adequate treatment options for patients suffering from chronic wounds or acute skin trauma (reviewed in [41, 42] ). Biological products that are currently commercially available are mainly engineered using dermal fibroblasts such as Dermagraft® [43] , Apligraft® [44] , and ICX-SKN® [45] . Moreover, full-thickness wounds were studied on normal K14-H2B-GFP mice, a situation that does not recapitulate conditions of impaired healing associated with pathologies such as diabetes, for which keratinocyte migration is greatly affected. Of course, the impact of the dressing's growth factor production on the wound bed cellular responses is the result of a complex interplay of signalling cascades. Importantly, it cannot be excluded that keratinocyte migration was disturbed by frequent dressing removal, but a constant migration of the epithelium was observed over the course of and mechanical studies on the same specimen, for both animal cohorts. Considering that differences in healing have been reported between male and female mice [55] , this should be considered as an experimental limitation. Hovewer, our collected data did not underline differences between sexes for the kinetics of healing or histological analysis of scar tissues.
Finally, inflammatory cell infiltration by CD45-positive leucocytes was not increased in the wounds by the use of human-cell containing dressings in comparison to the untreated group. Importantly, an increased presence of CD31-positive blood vessel structures was observed in the wounds that were in contact with the adipose dressings.
In our study, adipocytes are embedded into the matrix of the biological dressings deposited onto the wound's surface and probably acted in a paracrine fashion as suggested by the in vitro secretion of VEGF, Ang-1, HGF, PAI-1 and leptin by the adipose dressings. Aside from its traditional known role in satiety and weight gain, leptin has been shown to possess angiogenic activity in vitro and in vivo [52, 54, 56, 57] . Of note, the adipose dressings we produced comprised a significant proportion of undifferentiated ASCs, which are also expected to contribute to the healing process.
Indeed, studies using ASCs under various formulations (topical applications, injections, engineered grafts) have highlighted the beneficial impact of those cells on dermal repair and angiogenesis [7, 9, 11, 18, 58] . It has also been previously reported that fat grafting enhanced revascularisation and seemed to reduce fibrosis associated with thermal injuries and radiation damage to skin [24, 25] , although the precise contribution of adipocytes 
CONCLUSION
These findings indicate that tissue-engineered dressings comprising both human mature adipocytes and ASCs can stimulate reparative cell behaviours such as cell migration, matrix production and deposition as well as angiogenic processes. Further studies are needed to assess the potential of the adipose dressings to improve healing of chronic wounds and validate the potential clinical relevance of these new substitutes.
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